Glucuronoxylomannan (GXM), the major capsular component in the Cryptococcus 24 complex, interacts with the immune system in multiple ways, which include activation 25 of Toll-like receptors (TLRs) and modulation of nitric oxide (NO) production by 26 phagocytes. In this study, we analyzed several structural parameters of GXM samples 27 from C. neoformans (serotypes A and D) and C. gattii (serotypes B and C) and 28 correlated them with the production of NO by phagocytes and activation of TLRs. 29 GXM fractions were differentially recognized by TLR2/1 and TLR2/6 heterodimers 30 expressed on TLR-transfected HEK293A cells. Higher NF-κB luciferase reporter 31 activity induced by GXM was observed in cells expressing TLR2/1 than in cells 32 transfected with TLR2/6 constructs. A serotype B GXM from C. gattii was the most 33 effective polysaccharide fraction activating the TLR-mediated response. This serotype 34 B polysaccharide, which was also highly efficient in eliciting the production of NO by 35 macrophages, was similar to the other GXM samples in monosaccharide composition, 36 zeta potential, and electrophoretic mobility. However, immunofluorescence with four 37 different monoclonal antibodies and dynamic light scattering analysis revealed that 38 the serotype B GXM showed particularities in serological reactivity and had the 39 smallest effective diameter among the GXM samples analyzed in this study. 40
Abstract 23
Glucuronoxylomannan (GXM), the major capsular component in the Cryptococcus 24 complex, interacts with the immune system in multiple ways, which include activation 25 of Toll-like receptors (TLRs) and modulation of nitric oxide (NO) production by 26 phagocytes. In this study, we analyzed several structural parameters of GXM samples 27 from C. neoformans (serotypes A and D) and C. gattii (serotypes B and C) and 28 correlated them with the production of NO by phagocytes and activation of TLRs. 29 GXM fractions were differentially recognized by TLR2/1 and TLR2/6 heterodimers 30 expressed on TLR-transfected HEK293A cells. Higher NF-κB luciferase reporter 31 activity induced by GXM was observed in cells expressing TLR2/1 than in cells 32 transfected with TLR2/6 constructs. A serotype B GXM from C. gattii was the most 33 effective polysaccharide fraction activating the TLR-mediated response. This serotype 34 B polysaccharide, which was also highly efficient in eliciting the production of NO by 35 macrophages, was similar to the other GXM samples in monosaccharide composition, 36 zeta potential, and electrophoretic mobility. However, immunofluorescence with four 37 different monoclonal antibodies and dynamic light scattering analysis revealed that 38 the serotype B GXM showed particularities in serological reactivity and had the 39 smallest effective diameter among the GXM samples analyzed in this study. 40
Fractionation of additional serotype B GXMs followed by exposure of these fractions 41 to macrophages revealed a correlation between NO production and reduced effective 42 diameters. Our results demonstrate a great functional diversity in GXM samples from 43 different isolates and establish their ability to differentially activate cellular responses. 44 We propose that serologic properties as well as physical chemical parameters such as 45 the diameter of polysaccharide molecules may potentially influence the inflammatory 46 47 granulomatous inflammation between cryptococcal species. 48
Introduction 49 50
Cryptococcus neoformans and C. gattii are the etiologic agents of the human 51 and animal fungal disease cryptococcosis. Infection is usually acquired by inhalation 52 of environmental basidiospores or desiccated yeasts. Cryptococcal disease in humans 53 can involve every tissue, including cutaneous and pulmonary sites, but the most 54 serious manifestation is central nervous system involvement with 55 meningoencephalitis (43) . Despite the similarities of the clinical syndromes in 56 cryptococcosis caused by C. neoformans and C. gattii, these species differ in the types 57 of host where they cause disease. While C. neoformans preferentially causes disease 58 in immunosuppressed patients, C. gattii-related disease is relatively common in 59 immunocompetent individuals (33, 43, 48) . Mortality rates are still high in different 60 regions of the globe and the current therapeutic options are inefficient (1). No 61 vaccines are available for the prevention of cryptococcosis. 62
Glucuronoxylomannan (GXM) is the major component of the polysaccharide 63 capsule, which is the main virulence factor of Cryptococcus species (30). GXM is an 64 anionic polysaccharide consisting of a α1-3 linked mannan that is O-acetylated at the 65 carbon 6 of some of the mannosyl units and substituted with β1,2 glucuronyl and β1,2 66 / β1,4 xylosyl residues (9). The polysaccharide is a capsular component of 67
Cryptococcus species that is also abundant in its soluble form in culture fluids and 68 infected tissues (31). Secreted and surface-associated GXM are believed to modulate 69 the immune response during cryptococcosis through multiple mechanisms (35 to the other serological groups, this common assumption may not be correct given 80 major structural differences among the four major serotypes. 81
The ability of GXM to activate the innate immune response was previously 82 reported in several studies (34, 46, 52, 53) . Serotype A GXM was reported to 83 modulate the production of nitric oxide (NO) by phagocytes (5). In addition, GXM 84
activates Toll-like receptor (TLR) 4-mediated intracellular signaling (46), but the 85 contribution of this event to the global innate response against C. neoformans 86 infections is uncertain (2, 39). GXM can also interact with TLR2 (46), which is 87 believed to influence the response to cryptococcal infection (53). TLR2 recognizes a 88 diverse set of pathogen-associated molecular patterns, which requires 89 heterodimerization with TLR 1 or 6 (14, 17, 22, 29, 50 antibody in animals and humans (3, 24) . This antibody reacts with all GXM serotypes. 217
C. neoformans cells (10 6 ) were fixed with 4% paraformaldehyde. The cells were 218 further blocked for 1 h in PBS-BSA and incubated with the mAbs described above (1 219 µg / ml) for 1 h at room temperature, followed by fluorescein isothiocyanate (FITC) 220 labeled goat anti-mouse (IgG or IgM) antibodies (Sigma). Yeast cells were finally 221 observed with an Axioplan 2 (Zeiss, Germany) fluorescence microscope. Images were 222 acquired using a Color View SX digital camera and processed with the software 223 system analySIS (Soft Image System). In control conditions mAbs were replaced by 224 isotype-matched irrelevant antibodies. Exposure times were similar for all conditions. 225 226 Biophysical studies. Particle size and negative charge of GXM samples were inferred 227 from dynamic light scattering and zeta potential (ζ) determinations, respectively, 228 following the methods described by Frases and colleagues (11, 12) . For ζ 229 determination, GXM solutions were adjusted to 1 mg/ml in water and analyzed in a The volumes of the films were normalized to the final cell numbers of each culture. 261
This procedure was repeated at least three times for each strain and different average 262 values of polysaccharide volume were generated ( Figure 1A ). Next, we analyzed the 263 ability of each isolate to produce extracellular GXM, normalizing the polysaccharide 264 concentration found by ELISA to the final cell number in the culture. The profile of 265 GXM production by each strain, determined by ELISA ( Figure 1B) , resembled very 266 closely that observed for gel formation in the corresponding supernatant. In fact, 267 GXM concentrations in supernatants and gel formation were correlated (R 2 = 0.7390; 268 P = 0.0014), as demonstrated in Figure 1C . 269
The sugar composition of each polysaccharide fraction was analyzed by GC-270 MS ( Figure 1D ). After methanolysis of the polysaccharides and per-O-271 trimethylsilylation of the corresponding products, the resulting monosaccharides were 272 initially identified by their retention times relative to standards, followed by structural 273 authentication using MS/MS (not shown). All polysaccharide samples tested revealed 274 xylose, mannose and glucuronic acid as major constituents, consistent with the three 275 sugar components of GXM. As previously reported (10, 11), galactose was a trace 276 component of all samples (data not shown). The levels of each GXM building unit 277 varied in polysaccharides from each isolate ( Figure 1D Translocation of NF-κB in GXM-treated cells was also more efficient in cells 296 expressing TLR2/1 than in cells transfected with plasmids coding for TLR4/CD14 297 (data not shown), which were initially described as the receptors involved in GXM-298 mediated TLR activation (46). 299
A comparative analysis of the ability of each GXM sample to activate TLR-300 mediated cellular responses revealed unexpected differences. Although all 301 polysaccharide fractions had the capacity to activate NF-κB in either TLR2/1-or 302 TLR2/6-expressing cells at the concentration of 100 µg/ml, a C. gattii polysaccharide 303 sample (serotype B) was significantly more efficient at activating NF-κB than all 304 others (P<0.0001), with strong signals apparent at 1 and 10 µg/ml (Figure 3) . At 1 305 µg/ml, NF-κB activation mediated by the serotype B GXM was at least 10-fold more 306 efficient than all others for TLR2/1-expressing cells and 6-fold higher for TLR2/6-307 expressing cells. At 10 µg/ml, the serotype B sample was approximately 2-fold and 4-308 fold more effective than the other samples in TLR2/1-and TLR2/6-expressing cells, 309 respectively. 310 311 NO production in response to GXM stimulation. The GXM samples used for TLR 312 activation were also tested for their ability to stimulate the production of NO by 313 macrophage-like cells. Exposure of RAW 264.7 cells to GXM from C. neoformans 314 cultures resulted in the production of NO at the background level (Figure 4) . 315
Treatment of the phagocytes with C. gattii GXM, however, resulted in a dose-316 dependent production of NO. As observed in TLR-based assays, the GXM sample 317 from strain CN23/10993 was the most effective polysaccharide fraction in eliciting 318 NO production. 319 320 Structural and serological properties of GXM from C. neoformans and C. gattii. 321
The differences in the TLR-activating ability of the various GXM samples led us to 322 investigate the antigenic and physical properties of this polysaccharide set in more 323 detail. The differences in the monosaccharide composition in each sample were not 324 correlated with the ability of GXM to activate cellular responses, since polysaccharide 325 fractions with very similar compositions (strains CN23/10993 and ATCC28938) 326 manifested different efficacies in NO and TLR2/1-and TLR2/6-mediated NF-κB 327 activation (Figures 1-4) . 328
The negative charge of GXM is an important determinant of function for the 329 capsular polysaccharide in C. neoformans (40, 41) . Consequently, we determined the 330 zeta potential of the GXM from each C. neoformans and C. gattii isolates and these 331 were similar (Table 1 were isolated from different strains, including: i) T 1 444, due to its ability to 367 abundantly produce extracellular polysaccharides with high-diameter (Figures 1 and  368 6), and ii) CN23/10993, which was selected based on its ability to produce GXM with 369 apparently higher immunogenicity (Figures 2-4) . Two additional serotype B GXMs, 370 from strains R265 and ATCC56990, were included in this assay for comparative 371 purposes. GXM fractions with molecular masses higher than 100 kDa and in the range 372 of 10-100 kDa were obtained by supernatant filtration and the prototype assay used to 373 analyze the relationship between the size of GXM samples and their ability to 374 stimulate cellular responses was NO production by macrophages, since it includes 375 straightforward procedures and simple data interpretation. 376
Fractionation of the T 1 444 supernatant revealed that the high molecular mass 377 sample (>100 kDa) induced NO production by the phagocytes more efficiently (P < 378 0.001) than the polysaccharide fraction in the 10-100 kDa mass range ( Figure 7A ). An 379 opposite pattern was observed for the C. gattii samples. All GXM fractions of lower 380 molecular masses were significantly more effective in stimulating the production of 381 NO than the high molecular weight polysaccharides (P < 0.0001 for all samples). Recent studies indicate that the structure of GXM and, consequently, its biological 394 functions vary according to parameters that include molecular mass and effective 395 diameter (11, 12, 40) . The functional diversity in cryptococcal polysaccharides is not 396 exclusive to GXM. In fact, it has been recently described that galactoxylomannan 397 (GalXM) samples from C. neoformans are structurally and antigenically variable (8). 398 Therefore, establishing general functions for cryptococcal polysaccharides is 399 complex, since very different characteristics of supposedly similar samples have been 400
repeatedly observed in independent studies (8, 11, 40) , that presumably reflect 401 differences in polysaccharide structure. GXM, for instance, has been classically 402 defined as deleterious to the immune system (51), although it can also activate the 403 host defense (46). 404 The ability of C. neoformans GXM to activate TLR-mediated innate responses 411 was demonstrated in a number of previous studies (2, 27, 28, 36, 39, 46, 53) , but 412 comparable studies have not been carried out for C. gattii polysaccharides. TLRs and 413 the CD14 receptor function as pattern recognition receptors for GXM (27, 28, 36, 44, 414 46, 53) . The binding of GXM to TLR4 was reported to result in translocation of NF-415 κB to the nucleus in an incomplete process that does not induce activation of mitogen-416 activated protein kinase pathways or release of TNF-α (46). TLR4 was also 417 implicated as a receptor involved in cellular uptake (34), and tissue distribution (52) 418 of GXM. However, the roles of TLR2 and other TLRs in the immune response to 419 GXM remain poorly understood. In the present study, we determined that the 420 hydrodynamic size of GXM fractions is correlated with their ability to stimulate NO 421 production by macrophages and to activate NF-κB in a TLR2-dependent manner. In 422 fact, all GXM fractions stimulated activation of NF-κB in HEK293A cells transiently 423 transfected with TLR2 and TLR6, or TLR2 and TLR1 constructs. This response was 424 always more intense in cells expressing the TLR2/1 association than in those 425 expressing the TLR2/6 construct. In all systems, the highest levels of NF-κB 426 activation were obtained when transfected HEK293A cells were exposed to a serotype 427 B GXM from the C. gattii strain. 428
To understand the structural characteristics responsible for NO and TLR 429 activation we evaluated several GXM parameters. The ability of GXM to induce NO 430 production and the TLR-mediated response in transfected HEK293A cells was not an 431 intra-species property nor depended on sugar composition, so other parameters were 432 evaluated. Differences in antibody reactivity can imply differences in GXM structure 433 (11), which also denote functional specificity (20) . In this study we found that the 434 serologic characteristics revealed by the binding of mAbs were similar in all strains, 435 except for the C. gattii strain CN23/10993. Those cells showed strong reactivity with 436 the protective IgM 12A1, but did not react with the clonally-related, non-protective 437 mAb 13F1. This observation is consistent and reflective of the fact that mAbs 12A1 438 and 13F1 bind to different epitopes. In a recent study, it has been suggested that 439 antibody reactivity is influenced by the diameter of GXM (10), which led us to the 440 inference that the effective diameter of the polysaccharide samples used in this study 441 could also be related to the functionality of GXM. 442
Immunological studies with chitin have shown that large polysaccharide 443 polymers are biologically inert, while their fragments are efficient regulators of 444 TLR2-mediated innate immune responses (7, 25, 26) . Human cryptococcosis caused 445 by C. gattii is known to produce strong inflammatory responses in the lung, whereas 446 the C. neoformans varieties often trigger little or no inflammation (49). Consequently, 447 the result that serotype B GXMs were more potent activators of cellular responses 448 raises the tantalizing possibility that a correlation might exist between activation of 449 host cells and the type of granulomatous response made. In our model, the most 450 effective GXM sample in activating cellular responses had the smallest effective 451 diameter, a result that echoed previous findings with chitin (7, 25, 26) . Using the 452 model of NO production by macrophages after exposure to the serotype B GXM, we 453 observed that polysaccharides with reduced dimensions induced a stronger cellular 454 response, a property that was exclusive to serotype B GXM samples. NO production 455 by macrophages is involved in both antimicrobial responses and mediation of 456 inflammation, illustrating the complex effects of the GXM on host immune function. 457
Given that our studies compared GXM preparations standardized by mass/volume and 458 that smaller fibers have lower molecular masses, it is possible that the effects 459 measured here reflect differences in the molarity of the GXM. Nevertheless, we urge 460 caution in attributing these effects to simple differences in molarity since interactions 461 between polysaccharides and their receptors are likely to involve repeating structural 462 motifs in polysaccharide molecules such that avidity considerations could be 463 dominant. Furthermore, we note that immunological studies routinely measure effects 464 using polysaccharide concentrations standardized by mass/volume and consequently 465 this approach is experimentally relevant, especially for literature comparisons. producing molecules with an enhanced ability to activate host defenses. These 486 observations suggest a mechanistic explanation for the consistent observation that 487 strains with small capsules elicit more inflammation than those with large capsules 488 (43). Furthermore, the higher NO-inducing activity associated with C. gattii 489 polysaccharides, which correlates with smaller GXM diameters, suggests an 490 explanation for the consistent observation of stronger granulomatous responses in 491 cryptococcosis caused by this species (33, 43, 48 
